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(57) ABSTRACT 

Multilayer structure, used especially as a material of high 
relative permittivity, characterized in that it comprises a 
plurality of superposed elementary layers, each With a 
thickness of less than about 500 A, among Which there are 
tWo layers based on an alloy of titanium dioxide (TiO2) and 
tantalum pentoXide (TaZOS), these layers being separated by 
an interlayer of an alloy based on at least hafnium dioxide 

(HfO2) an alumina (A1203). 
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MULTILAYER STRUCTURE USED ESPECIALLY 
AS A MATERIAL OF HIGH RELATIVE 

PERMITTIVITY 

TECHNICAL FIELD 

[0001] The invention relates to the ?eld of microelectron 
ics. It relates more speci?cally to a multilayer structure 
Which can be used especially as a material of high relative 
permittivity. Such a material may be used to form the 
insulating layer of a capacitor. Such a capacitor may espe 
cially be used as a decoupling capacitor or as a ?lter 
capacitor integrated into radiofrequency circuits or the like. 

[0002] This type of insulating material can also be used to 
be included in capacitive structures such as those forming 
the cells of embedded memories (embedded DRAMs). Such 
cells may be produced Within an integrated circuit itself. 

[0003] The invention also makes it possible to produce 
oXide gate multilayers (or gate stacks), also knoWn as gate 
structure, that are found in transistors of a particular struc 
ture. 

PRIOR ART 

[0004] In general, one of the generally desirable objectives 
for producing capacitive structures, Whether they be capaci 
tors or memory cells, is to increase the capacitance of the 
structure, that is to say the value of the capacitance per unit 
area, so as to minimiZe the siZe of the components. 

[0005] This objective of seeking a higher capacitance is 
achieved especially by the use of dielectrics having as high 
a relative permittivity as possible. 

[0006] The value of the capacitance also depends 
inversely on the distance separating the tWo electrodes of the 
structure. This is Why it is generally sought to reduce the 
thickness of the layer of dielectric separating the tWo elec 
trodes of a capacitive structure. 

[0007] HoWever, reducing this thickness poses certain 
physical problems that depend on the materials used. This is 
because When the dielectric layers are very thin, certain 
tunnel effect phenomena may arise that modify the behav 
iour of the capacitive structure, degrading the properties 
thereof. 

[0008] Moreover, When a dielectric layer is subjected to 
too high a voltage, electrical breakdoWn phenomena may 
also arise. It is therefore possible to de?ne, for each material, 
a maXimum breakdoWn electric ?eld above Which it cannot 
be employed. 

[0009] For eXample, certain materials are limited to volt 
ages of the order of a feW volts, Whereas there is a need for 
capacitors, especially those used for decoupling operations, 
to be able to Withstand voltages greater than 10 volts or so. 

[0010] Furthermore, the level of leakage current is also a 
parameter that may be critical in some applications. Mention 
may especially be made of capacitors operating at high 
frequency, for Which it is important for the behaviour of the 
capacitor to be maintained over the broadest possible fre 
quency band. The level of leakage current is also critical for 
applications requiring a high degree of autonomy, When the 
capacitors are especially embedded in cordless appliances. 
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[0011] HoWever, the level of leakage current depends 
especially on the crystalline structure of the dielectric. 

[0012] Document FR 2 526 622 has proposed producing 
multilayer structures by combining titanium dioXide (TiO2) 
and alumina (A1203) elementary layers so as to obtain 
materials having a relatively high permittivity. 

[0013] This type of structure has the draWback that tita 
nium dioxide (TiO2) is a material having a loW density and 
a permittivity that depends on the crystalline phase. It 
therefore means that it has to be coupled With a material 
having an amorphous phase, including up to a temperature 
of 800° C., and having a high breakdoWn ?eld. This is Why, 
to avoid increasing the leakage current, that document 
proposes the superposition of TiO2 and Al2O3 layers. The 
electrical performance characteristics of the material are 
used for TFT (thin ?lm transistor) applications but are 
insufficient for capacitor cell decoupling applications. This 
is because, for some applications, the leakage currents are 
the determining factors for radiofrequency (RF) operation 
and especially for the generations of devices based on 
HBT-CMOS and HBT-BICMOS technology that are used in 
cordless communications appliances, and especially the 
future generations of mobile telephones knoWn as UMTS. 

[0014] For the latter application, a standard on decoupling 
is such that it requires leakage currents of less than 10-9 
A/cm2 to be achieved at supply voltages of 5.5 V, by having 
a breakdoWn ?eld of greater than 6 MV/cm. In order for such 
a dielectric to be able to be used in this application, it must 
possess a band gap energy of greater than 5.5 eV. However 
the TiO2 and Al2O3 multilayer stack has only a band gap 
energy of 4 eV, a breakdoWn ?eld of about 3.5 MV/cm and 
leakage currents close to 10-6 A/cm2. It is very clearly 
apparent that the material described in that document, devel 
oped for TFT applications, cannot also be used for applica 
tions involving RF decoupling capacitors and capacitor cells 
incorporated into integrated circuits in HBT-CMOS and 
HBT-BICMOS technology. 

[0015] It is one of the objectives of the invention to 
provide a material that can be used Within various capacitive 
structures, Which combines both a high relative permittivity 
value, With a high voltage Withstand, and a loW level of 
leakage current. 

SUMMARY OF THE INVENTION 

[0016] The invention therefore relates to a multilayer 
structure that can be used especially as a material of high 
relative permittivity. 

[0017] According to the invention, this structure is char 
acteriZed in that it comprises a plurality of superposed 
elementary layers, each With a thickness of less than about 
500 angstroms Among these layers, there are at least 
tWo layers based on an alloy of titanium dioXide (TiO2) and 
tantalum pentoXide (TaZOS). These layers are separated by 
an interlayer of an alloy based on at least hafnium dioxide 

(HfO2) and alumina (A1203). 

[0018] In other Words, the material obtained according to 
the invention is an alternation of ?lms having differing 
compositions and possibly stoichiometries, for thicknesses 
of less than a feW hundred angstroms, thus forming a 
nanolaminated structure. In practice, the thickness of the 
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layers may preferably be less than 200 A, or even less than 
100 A, or indeed less than 50 A. 

[0019] Surprisingly, it has been found that titanium diox 
ide-tantalum pentoxide alloys have much more favourable 
properties in terms of breakdoWn ?eld and leakage current 
than the tWo components of the alloy taken separately. 

[0020] Thus, as explained above, titanium dioxide is 
knoWn to have relatively high leakage currents, Which result 
from the loW stability of its crystalline structure. This is 
because above 300° C. the coexistence of tWo different 
phases is generally observed. This loW stability is explained 
by a relatively loW enthalpy of formation of the oxide. 

[0021] In practice, it is found that the level of leakage 
current in TiO2 layers alone is of the order of 100 microamps 
per square centimetre (100 pA/cmz). HoWever, titanium 
dioxide is bene?cial because its relatively permittivity is 
relatively high, typically around 50, for a deposition of 320° 
C. 

[0022] The properties of tantalum pentoxide (TaZOS) are 
relatively similar to those of titanium dioxide (TiO2) so that 
it might be expected that an alloy produced from these tWo 
oxides Would not be bene?cial as regards the value of the 
leakage currents. 

[0023] HoWever, measurements carried out on these TiOZ 
Ta2O5 alloy layers shoW, on the contrary, that the value of the 
leakage currents is relatively loW, and typically of the order 
of 100 nanoamps per square centimetre (nA/cm2) for volt 
ages of around 3.3 volts and for thicknesses of greater than 
a feW tens of angstroms. The breakdoWn ?eld measured on 
these Ta2O5 and TiO2 alloy layers is around 6.2 megavolts 
per centimetre (MV/cm), Which value is to be compared 
With the breakdoWn ?elds of 2 and 5 MV/cm for respectively 
TiO2 and Ta2O5 layers taken separately. 

[0024] Moreover, these tWo TiO2-Ta2O5 alloy layers are 
separated by an interlayer based on hafnium dioxide and 
alumina, or even possibly on Zirconium dioxide, Which 
further improves the performance characteristics of the 
nanolaminated structure. 

[0025] Surprisingly, it has been found that hafnium diox 
ide-Zirconium dioxide-alumina alloys have properties Which 
are similar to the most favourable properties of each of the 
components of the alloy. 

[0026] Thus, hafnium dioxide is knoWn to be a material of 
polycrystalline structure. This crystalline structure results in 
hafnium dioxide being the site of relatively high leakage 
currents, although this material is very insensitive to ava 
lanche phenomena on account of inter alia its high density. 

[0027] HoWever, the leakage currents of hafnium dioxide 
are limited because of its atomic composition and its loW 
oxygen vacancy density. Hafnium oxide is also resistant to 
interfacial impurity diffusion and intermixing, especially 
because of its high density, namely 9.68 g/cm2. The mecha 
nism for these leakage currents is based on tunnel effects. 

[0028] Hafnium dioxide is also knoWn for its someWhat 
high relative permittivity, of around 20, When this material 
is deposited by ALD (Atomic Layer Deposition) at a tem 
perature beloW 350° C. 

[0029] With regard to the voltage Withstand, hafnium 
dioxide has a band gap energy of 5.68 eV for a breakdoWn 
?eld of 4 MV/cm. 
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[0030] As regards the uniformity of the relative permit 
tivity, the current-voltage plot exhibits hysteresis for a 10 
millivolt voltage range. This means that, for a slight varia 
tion in voltage applied to the material, the latter does not 
have exactly the same permittivity properties, Which may 
introduce defects in the electrical behaviour of the capacitor, 
especially When it is subjected to voltage jumps. 

[0031] Moreover, Zirconium dioxide is also knoWn to be a 
material of polycrystalline structure. Zirconium dioxide is 
the site of relatively high leakage currents, even higher than 
those of hafnium dioxide, on account of the fact that 
Zirconium dioxide has a relatively large number of oxygen 
vacancies. 

[0032] As regards the voltage Withstand, Zirconium diox 
ide has a relatively high band gap energy of 7.8 eV and has 
a relatively loW breakdoWn ?eld of around 2.2 MV/cm. 

[0033] The relative permittivity of Zirconium dioxide is 
relatively high, around 22. 

[0034] As regards the other component of the interlayer 
alloy, namely alumina, this is knoWn to possess an amor 
phous crystalline structure, favourable to loW leakage cur 
rents, Which folloW the Poole-Frenkel mechanism. Alumina 
has a relative permittivity of 8.4, Which value is less than 
that of hafnium and Zirconium dioxides. 

[0035] On the other hand, alumina has a band gap energy 
of 8.7 eV and a breakdoWn ?eld of 7 MV/cm, Which values 
are greater than the abovementioned values of hafnium and 
Zirconium dioxides. 

[0036] NoW, it has surprisingly been found that HfXZrtA 
lyOZ alloys formed by these three materials have particularly 
bene?cial properties especially as regards relative permit 
tivity Which is around 14 to 20. The voltage Withstand is also 
advantageous, since the overall breakdoWn ?eld is around 
8.9 MV/cm. 

[0037] Moreover, the alloys based on HfO2, ZrO2 and 
AlZO3 make it possible to stop hafnium and Zirconium 
dioxide grain groWth by the amorphous alumina phases. 
What is therefore obtained is the result that is characteriZed 
by a reduction in leakage currents, Whereas a priori the tWo 
materials taken separately do not have a common mecha 
nism as regards leakage currents. 

[0038] The H?;ZrtAlVOZ alloys formed and deposited by 
ALD have advantages over a nanolaminated structure that 

Would be composed of a stack of successive HfO2, ZrO2 and 
A1203 layers. These advantages are intimately connected 
With the structure of the grains of the alloy, With its density 
and With the enthalpy of formation, Which give leakage 
currents of the order of 10'7 A/cm2 at 6 V for a thickness of 
the order of a hundred angstroms. Furthermore, the relative 
permittivity is higher and the electron transition (or barrier) 
energy With respect to a metal is greater than 3.4 eV. The 
band gap of the HfXZrtAlVOZ alloy is greater than 7.6 eV, 
While the nanolaminated structure composed of HfO2, ZrO2 
and A1203 layers has a band gap energy of 5.7 eV. 

[0039] In practice, the layers located betWeen the dioxide 
(TiO2)-pentoxide (Ta2O5) alloy layers and the outside of the 
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structure may consist of alloys produced from at least tWo 
materials chosen from the group comprising: 

[0040] hafnium dioxide (HfOZ); 

[0041] alumina (A1203); 

[0042] Zirconium dioxide (ZrOZ); 

[0043] titanium dioxide (TiOZ); and 

[0044] tantalum pentoxide (TaZOS). 

[0045] Moreover, the high cohesion of the crystals and the 
loW oxygen vacancy density lead to good uniformity of the 
relative permittivity of the characteristic alloys When these 
are deposited by the ALD technique. The observed leakage 
currents are typically of the order of 1 nanoamp per cm2 
under a voltage of less than 5 volts. 

[0046] In one particular embodiment, the multilayer struc 
ture of the invention may include external layers that are 
made only of alumina since, in this case, it is observed that 
alumina, A1203, has a high breakdoWn value and a relatively 
high band gap energy compared With the principal metals, 
especially tungsten, Widely used to form electrodes of 
capacitive structures. The transition voltage threshold 
betWeen alumina and tungsten is about 3.4 volts, Which 
makes alumina particularly advantageous at the interface 
With metal, especially tungsten, electrodes. 

ILLUSTRATIVE EXAMPLES 

[0047] The various nanolaminated structures described 
beloW Were produced using ALD techniques, by depositing 
the various components of the alloy simultaneously at a 
temperature of betWeen 320 and 350° C. 

[0048] By using this technique, it is possible to control the 
thickness of each of the layers and thus to guarantee good 
homogeneity of this layer over the entire surface of the 
elementary layer, and therefore to avoid sources of defects. 

[0049] The ALD technique may use several sources of 
materials, namely solid, liquid or gaseous sources, Which 
makes this technique very ?exible and versatile. Moreover, 
it uses precursors Which are the vectors of the chemical 
surface reaction and Which transport material to be depos 
ited. More speci?cally, this transport involves a process of 
chemisorption of the precursors on the surface to be covered, 
creating a chemical reaction With ligand exchange betWeen 
the surface atoms and the precursor molecules. 

[0050] The principle of this technique avoids the adsorp 
tion or condensation of the precursors, and therefore their 
decomposition. The nucleation sites are continually created 
until saturation of each phase of the reaction, betWeen Which 
a purge With an inert gas alloWs the process to be repeated. 
Deposition uniformity is ensured by the reaction mechanism 
and not by the reactants used, as is the case in CVD 
(Chemical Vapour Deposition) techniques since the thick 
ness of the layers deposited by ALD depends on each 
precursor chemisorption cycle. 

[0051] For this technique, it Will be preferred to use, as 
precursors, chlorides and oxychlorides such as HfCl4, ZrCl4, 
TiI4 and TaCl5 under an atmosphere of trimethyl ammonium 
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(TMA) and oZone or H2O, metallocenes, metal acyls, such 
as Al(CH3)3, beta-diketonates, or alkoxides. 

[0052] Among the various examples produced, the fol 
loWing should be noted: 

Example A 

[0053] 

Formula of the Thickness of the 
No. of the layer layer layer 

1 A1203 4.5 angstroms 
2 HfZrO4 5 angstroms 
3 TiTa2O7 9 angstroms 
4 Hf3Al2O9 6 angstroms 
5 TiTa2O7 10 angstroms 
6 HfSAlO11 5 angstroms 
7 A1203 4.5 angstroms 

[0054] This nanolaminated structure has a relative capaci 
tance of around 35 nF/mm2, a breakdoWn ?eld of 6.8 
MV/cm, a band gap energy of 6.1 eV and an electron 
transition energy relative to tungsten nitride (WN) of 3.8 eV. 

Example B 

[0055] 

Formula of the Thickness of the 
No. of the layer layer layer 

1 Hf3Al2O9 2 angstroms 
2 ZrTa2O7 2 angstroms 
3 TiTa2O7 4.5 angstroms 
4 Hf5AlO5_5 3 angstroms 
5 TiTa2O7 4.5 angstroms 
6 ZrTa2O7 2 angstroms 
7 Hf3Al2O9 2 angstroms 

[0056] This nanolaminated structure has a relative capaci 
tance of around 100 nF/mm2 and a breakdoWn ?eld of 7.3 
MV/cm. 

Example C 

[0057] 

Formula of the Thickness of the 
No. of the layer layer layer 

1 Hf2ZrAl2O9 7 angstroms 
2 TiTa2O7 10 angstroms 
3 Hf2ZrAlO7_5 8 angstroms 
4 TiTa2O7 10 angstroms 
5 HfZr2AlO7_5 8 angstroms 
6 HfZr2Al2O9 7 angstroms 

[0058] Of course, the scope of the invention is not limited 
by the stoichometric values given for these various 
examples, rather the invention also covers many other 
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variants provided that they respect the principle of the 
invention, namely a variation in the stoichiometry betWeen 
the various components of the alloy from one layer to 
another. 

1. Multilayer structure, especially used as a material of 
high relative permittivity, characterized in that it comprises 
a plurality of superposed elementary layers, each With a 
thickness of less than about 500 angstroms among 
Which there are tWo layers based on an alloy of titanium 
dioxide (TiO2) and tantalum pentoxide (TaZOS), these layers 
being separated by an interlayer of an alloy based on at least 
hafnium dioxide (HfO2) an alumina (A1203). 

2. Multilayer structure according to claim 1, characteriZed 
in that the interlayer is made of an alloy based on hafnium 
dioxide (HfOZ), alumina (A1203) and Zirconium dioxide 
(ZrOZ). 

3. Multilayer structure according to claim 1, characteriZed 
in that at least one of the layers lying betWeen the titanium 
dioxide-tantalum pentoxide alloy layers and the outside of 
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the structure consists of alloys produced from at least tWo 
materials chosen from the group comprising: 

hafnium dioxide (HfOZ); 

alumina (A1203); 
Zirconium dioxide (ZrOZ); 

titanium dioxide (TiOZ); and 

tantalum pentoxide (TaZOS). 
4. Multilayer structure according to claim 1, characterized 

in that the thickness of each layer is betWeen 1 and 200 A, 
preferably between 1 and 100 A, and very preferably 
betWeen 1 and 50 A. 

5. Multilayer structure according to claim 1, characteriZed 
in that at least one of the external layers is made of alumina 

(A1203)' 
6. Multilayer structure according to claim 1, characteriZed 

in that each layer is deposited by the technique of atomic 
layer deposition 

* * * * * 


